Renal net acid excretion in the adrenalectomized rat. Although adrenalectomy is usually associated with an impairment of ammonium and/or titratable acid excretion by the kidney, it is uncertain whether rates of renal net acid excretion are also reduced. Further, it is unclear whether the absence of the adrenal gland itself or other factors of adrenal insufficiency mediate such changes in renal acidification parameters. For example, dramatic increases in ammonium excretion can accompany correction of the hyperkalemia seen in adrenal insufficiency. There is also evidence that reduced rates of acid excretion can result from changes in food intake, urine flow rate, urine pH, or distal sodium delivery rates. With these considerations in mind, we undertook studies to isolate the chronic effects of adrenalectomy on renal net acid excretion rates in the unanaesthetized rat. To avoid supranormal potassium stores, we gave the adrenalectomized animals potassium-restricted diets. In balance studies, urine flow rates, urine pH, food intake, and distal sodium delivery rates were all successfully controlled for 13 days by pair feeding and by appropriately changing the sodium and potassium contents of diets. Adrenalectomized rats excreted less net acid than did control animals with or without ammonium chloride loading. Further, the severe metabolic acidosis associated with ammonium chloride loading was clearly mitigated by steroid replacement. Accordingly, we conclude that the adrenal gland is essential for normal renal net acid excretion. There is no disagreement with the classic studies of Sartorius, Caihoon, and Pitts, done more than 25 years ago, proposing that adrenal insufficiency is associated with a reduced capacity for ammonium and/or titratable acid (TA) excretion [1, 2] and that it can be reversed with mineralocorticoid replacement [2] . To date, studies on the rat, dog, and man have confirmed these observations [3] [4] [5] [6] , and experiments on subcellular fractions of rat renal tissue have characterized some steroid effects on ammoniagenesis [71. But, there is also evidence that potassium retention is at least as important as steroid deficits [6, 8] in maintaining the impairment in ammonium excretion: potassium loading interferes with ammonium excretion in the rat [9, 10] and man [II] and can reduce its production at the subcellular level [121 in rat kidney slices.
There is no disagreement with the classic studies of Sartorius, Caihoon, and Pitts, done more than 25 years ago, proposing that adrenal insufficiency is associated with a reduced capacity for ammonium and/or titratable acid (TA) excretion [1, 2] and that it can be reversed with mineralocorticoid replacement [2] . To date, studies on the rat, dog, and man have confirmed these observations [3] [4] [5] [6] , and experiments on subcellular fractions of rat renal tissue have characterized some steroid effects on ammoniagenesis [71. But, there is also evidence that potassium retention is at least as important as steroid deficits [6, 8] in maintaining the impairment in ammonium excretion: potassium loading interferes with ammonium excretion in the rat [9, 10] and man [II] and can reduce its production at the subcellular level [121 in rat kidney slices.
Despite the foregoing studies, little is known about the specific dependency on the adrenal gland itself of renal net acid excretion and metabolic acidosis as opposed to ammonium excretion alone. In fact, Ditella et al [13] have reported that in the rat the acidification abnormality associated with mineralocorticoid deficiency can be prevented by adequate sodium supplements, whereas Hulter et al [14] were unable to restore net acid excretion despite controlled sodium and potassium balances.
Thus, we undertook the present investigations to assess overall renal net acid excretion during adrenalectomy. Particular attention was devoted to fac-tors known to alter acid excretion, such as food intake [15, 161, urine flow rate [17] , urine pH [18- 221, or rates of distal sodium delivery [23] . We designed experiments to determine whether a chronic reduction in renal net acid excretion could be demonstrated in the unanaesthetized adrenalectomized rat after all these factors are controlled for a 13-day period.
Our studies indicate that with or without acid loading, adrenal insufficient rats have lower net acid excretion rates than do intact animals.
Methods
Experimental rationale. These experiments were carried out on 87 male Sprague-Dawley rats bred and raised in a climate-controlled animal facility at the University of Ottawa. Over 90 additional animals were used in preliminary experiments to develop a satisfactory experimental design in which the potassium status as well as food and sodium intake were controlled.
The retention of potassium by adrenalectomized rats was reduced by inducing potassium depletion with dietary potassium restriction as described in "Diets and Rat Weight," below (see also groups 1A, 2A in Table 1 ). Because this, in turn, led to polydypsia and polyuria with an associated increase in sodium excretion, the sodium concentration in the drinking water of sham rats eating a normal diet was doubled to equalize their sodium intake (group 2B). Potassium chloride was added to the drinking solution of control animals to achieve a less negative potassium balance. As a result of changing the dietary intake of potassium and sodium, and pair feeding, we were able to appropriately manipulate potassium stores, sodium ingestion and excretion, and food intake between paired groups.
Results of early experiments showed that potassium-depleted adrenalectomized rats excreted less net acid than did control rats eating a normal potassium diet. A subsequent protocol giving ADX rats a normal potassium diet (group 3, Table 1 ) was carried out to determine if reducing potassium stores, by itself, in adrenalectomized rats, interfered with the renal excretion of acid.
All animals were studied under control conditions with and without ammonium chloride loading. In groups 1, 2, and 3, the 5-day acid period consisted of a single gavage of 10 mEq of ammonium chloride per kilogram of body wt on day 1, followed by a 2- 12 Low K 10 days postoperatively steroid replacement begun and continued for 8 days (large acid load given on days 16, 17, 18) Systemic analysis after acid loading shows profound metabolic acidosis in ADX rats of group 5A, which was prevented by steroid replacement in ADX rats of group 5C B (Sham) 12 Normal K C (ADX + steroids) 12 Normal K a All animals received 0.9% NaC1 to drink unless otherwise specified. day observation period. This enabled us to observe the response of our animals to a mild acid challenge, and it served as an induction for ammoniagenesis for the subsequent large acid load. It consisted of 10 mEq of ammonium chloride per kilogram of body wt, two times per day, on days 4 and 5 and represented a severe acid challenge, which clearly separated the responses of adrenalectomized (ADX) and sham-operated animals.
Results obtained during the acid period are expressed as a change from the mean control values for each rat. Thus, each animal had to be studied to the end of the acid period. Because muscle potassium content analysis required that the animals be sacrificed, another group of rats, group 4, A-D, were treated identically to those of groups 1, 2, and 3 to obtain systemic acid-base and electrolyte values corresponding to the end of the control period. This provided information on the effects of control period treatments and condition of the animals before ammonium chloride loading.
Finally, because profound metabolic acidosis was observed to be associated with a defect in net acid excretion, and because this defect was hypothesized to be due to the absence of adrenal steroids, rather than due to changes in other factors altering urinary acidification, a steroid replacement protocol was undertaken (group 5, A-C, Table I ). To be certain that adrenalectomized rats did not have higher potassium stores than adrenalectomized rats given steroids (SC), we potassium-depleted the former (group 5, A, Table 1 ). To provide an indication of the degree of restoration of acid-base balance induced by the steroids, we treated shamoperated animals similarly to the steroid replacement group (group 5, B, Table 1 ).
Diets and rat weight. "Normal diet" was prepared using 4.06 g of sodium carbonate, 8.24 g of sodium chloride, 194.6 g of potassium chloride, and 9,972 g of Teklad electrolyte-free basal diet.' Ingredients were mixed with 6 liters of tap water, covered, and frozen at 5° C until used. Low-potassium diet was prepared with the same ingredients as listed above, with the exception of adding potassium chloride.
Special attention was given to rat weight in these experiments to get some indication of the effect of pair feeding and to rule out acute changes in extracellular fluid volume. All animals studied under paired conditions were selected from among littermates by weight. Important changes in weight between paired animals when comparing preoperative, postoperative, and postrecovery periods were not seen. Immediately after surgery, all animals had free access to food and saline. Consequently, initial weights for groups 1, A and B, were 237 4 and 238 4 g, respectively, whereas for groups 2, A and B, the initial weights were 238 6 and 246 4 g. In both cases, no statistically significant difference was observed. Initial weights for group 3 animals were 229 3 g.
Analytical techniques. Parameters affecting the acid-base status of our animals were measured on urine, blood, and muscle.
Twenty-four-hour urine collections were made into bottles containing thymol and paraffin oil.
Urine and plasma Pco2 and pH measurements were made promptly after collection by alternating experimental and control group samples. The Radiometer Pco2 and pH electrodes were used with a PHM 72 amplifier. No drift in values was seen over the 2 hours required to measure the samples, suggesting relative stability. Further, urine remeasured 24 hours later showed no changes in pH and Pco2 values. Urine samples were divided in two aliquots and frozen with thymol under oil in sealed vadutamer tubes. Urine samples were taken from one tube for TA and electrolyte measurements, and ammonium concentration determinations were made on samples taken from the other aliquot.
Samples were titrated to a pH of 7.40 with a Radiometer automatic titration system.2 Ammonia measurements were made on diluted alkalinized samples, with the Orion ammonia gas electrode [24] . Sodium and potassium concentrations in urine, plasma, and tissue samples were measured with an IL 343 digital flame photometer. Tissue potassium content was expressed as milliequivalents of potassium per 100 g of fat-free dry solids (mEq/l00 g of FFDS). Plasma aldosterone concentration was measured by the Ito method 125]. Urinary organic anions were measured as described by Chan [261. Steroid-replacement dosages. Steroid dosages were chosen so that the amounts of steroid given were both physiologic and effective for maintaining Pilot studies showed that 2 g of aldosterone twice a day exerted a variable protective effect. This dose was approximately equal to the dose required for acutely decreasing the sodium-potassium ratio in ADX rats [27] [28] [29] [30] . It was also lower than the aldosterone equivalent of DOCA replacement dosages used by other investigators [2, 31] .
A physiologic dose of dexamethasone was calculated after we considered the endogenous secretion rates for corticosterone [30, 32] and selected a low normal value [32] . The dexamethasone equivalent was calculated by using the cortisone equivalent for corticosterone secretion rates and a dexamethasone-to-cortisol relative potency of 265 [33, 341. This calculation gave the dexamethasone equivalent of approximately 2.0 g/day.
Group 1, A and B. Five animals were adrenalectomized, maintained on a low-potassium diet, and given a solution of 0.9% sodium chloride to drink.
These animals constituted group 1A. They were placed in metabolic balance cages immediately after adrenalectomy with day 1 of the control period commencing 3 days after surgery. The control period was 8 days in duration and was followed by a 5-day period in which a small and large acid load was given. The small acid load consisted of a 2 M ammonium chloride solution gavaged in the amount of 10 mEq/kg of body wt on day 1. After a 2-day period of observation, four more gavages were given twice a day for 2 days, constituting the large acid load. The amount of food and saline drunk by this group of rats dictated the amount ingested by their sham partners. Group lB consisted of five sham-operated animals on a low-potassium diet and drinking 0.9% sodium chloride to which 0.5 mEq of potassium chloride per liter was added. The control period of these animals was started 4 days after the sham-operative procedure, and the control and acid-loading periods were carried out as indicated above in a paired fashion.
Group 2, A and B. Six adrenalectomized rats on a low-potassium diet and drinking 0.9% sodium chloride constituted group 2A. They were paired with six sham-operated rats on a normal potassium diet and drinking 1.8% sodium chlorine to which I mEq of potassium chloride per liter was added. Group 2, A and B were treated in a fashion identical to that described for group 1, A and B, except that both groups had free access to their respective drinks.
Group 3. Five adrenalectomized rats constituted Group 3. These animals ate a normal-potassium diet and drank 0.9% sodium chloride. The control penod and acid-loading periods were identical to that noted for groups 1, A and B, and 2, A and B. But, there was no paired control for these animals. As aleady noted in the "Experimental rationale" and Table 1 , these animals were compared with group 1A adrenalectomized rats on a low-potassium diet for the purposes of exploring the effects of potassium depletion in adrenalectomy.
Group 4, A, B, C, and D. Six adrenalectomized animals on a low-potassium diet and drinking 0.9% sodium chloride constituted group 4A. Six shamoperated animals on a normal-potassium diet and drinking 0.9% sodium chloride to which 0.5 mEq of potassium chloride per liter was added constituted group 4B. Six sham-operated animals on a normalpotassium diet and drinking 1.8% sodium chloride to which I mEq of potassium chloride per liter was added, constituted group 4C. Six adrenalectomized animals on a normal-potassium diet and drinking 0.9% sodium chloride constituted group 4D. These four subgroups of animals were treated as group I, group 2, and group 3 above, up to the end of the control period. No acid loading was undertaken in these animals. Rather, at the end of the control period, these animals were sacrificed and systemic blood was taken for acid-base and electrolyte values. Kidneys were then removed for histologic examination for lesions of potassium-depletion, and muscle samples were taken to determine potassium content.
Group 5, A, B, and C. Twelve adrenalectomized animals on a low-potassium diet and drinking 0.9% sodium chloride constituted group 5A. Twelve sham-operated animals on a normal-potassium diet and drinking 0.9% sodium chloride constituted group SB. Twelve adrenalectomized animals on a normal-potassium diet and drinking 0.9% sodium chloride constituted group 5C. This protocol was 18 days in duration. During the additional 5 days (when compared with groups 1, 2, and 3 above) 2 pg of aldosterone and I g of dexamethasone, s.c., twice a day, was given to group SC, whereas group 5A received sham oil injections. On the morning of day 19, all animals were sacrificed, and blood and tissue samples were taken.
Calculations and statistics. Comparison of the control-period balance data between groups was done after calculating, first, the mean value for each rat over all control days of observation and, subsequently, the mean value for all rats within each group. As already mentioned, net acid excretion values during the acid-loading period were expressed as a change from control values for each rat. Further calculations were identical to those I 6 7 8 9 10 11 12 13 Time, days described above. Electrolyte, pH, and urine flow data were expressed in absolute terms after acid loading. All balance and nonbalance comparisons were expressed as the means SEM. Paired and unpaired Student's t tests were used as tests of significance. Not significant (NS) indicates lack of significance at P < 0.05 level.
Results
Figure 1 shows daily net acid excretion during control and acid administration periods in rats from four representative protocols. During the control period, acid excretion is reasonably constant over the 8 days of observation. Although there were important differences between the various groups (see below), a major increase in acid excretion was observed in each animal in response to acid loading.
Control period. and plasma aldosterone levels are given in Table 3 . Rats subjected to potassium restriction invariably showed potassium-depletion nephropathy. Despite comparable muscle potassium stores and the presence of potassium depletion nephropathy, ADX rats had higher plasma potassium concentrations than did sham animals (group 4, A vs. B, 2.6 0.1 vs. 2.1 0.1 mEq/liter, P < 0.05). But, all parameters of potassium stores were significantly lower in potassium-depleted ADX rats when compared with pair-fed sham rats receiving food with normalpotassium content (group 4, A vs. C, Table 3 , and group 2, A vs. B, Table 2 ).
The main findi'ng is that net acid excretion is significantly less in potassium-restricted adrenalectomized rats when compared with either pair-fed controls, subjected to potassium-restricted diets (Table 2 , Group I, A vs. B) or pair-fed controls allowed access to normal dietary potassium (Table   2 , group 2, A vs. B). In both pair-fed groups, no differences were observed in the amount of food eaten or changes in body weight. Higher rates of organic anion excretion were also not seen in the ADX animals (0.81 0.04 mEq/day) when compared with the potassium-restricted sham animals (0.87 0.05 mEqiday), or the sham group receiving the normal-potassium diet (0.72 0.05 mEqlday). As shown in Table 2 , when A and B of group 1 are compared, urine flow rate, sodium excretion rates and urine pH were also constant. The sham-operated rats with access to potassium still excreted more net acid than did their pair-fed adrenalectomized partners despite the significant reduction in urinary ammonium excretion (Table 2 ) and lower urine flow rates.
As noted in "Methods," we wanted to determine whether dietary potassium restriction and associated higher urine pH in adrenalectomized rats could account for an impairment in net acid excretion independent of the effects of adenalectomy.
For this reason, five adrenalectomized rats (group 3) with access to normal dietary potassium were studied over the control period. They were then compared with the potassium-restricted rats of group 1A ( Response to acid loading. Table 3 shows various results obtained before and after acid loading.
In addition to the characterization of the response of adrenalectomized rats, sham-operated animals fed normal-or low-potassium diets did not fevelop the striking metabolic acidosis seen in either of the two adrenalectomy groups after ammonium chloride loading.
In response to the small acid load, no differences among groups were noted.
As seen in Fig. 4 , Group I A and B increased their net acid excretion rates in response to the large acid load, 10 mEq of ammonium chloride per kilogram of body wt given twice daily for 2 days. The change in net acid excretion was greater in the sham-operated animals (2.64 0.39 vs. 1.59 0.39 mEq/day, P < 0.05). Cumulative potassium balance was significantly more negative in the adrenalectomized animals (-0.86 0.06 vs. -0.60 0.06 mEq, P < 0.05). Muscle potassium stores and potassium excretion rates were not different. Both groups of animals showed severe degrees of potassium depletion. But, plasma potassium concentration was significantly higher in adrenalectomized rats both before and after the acid-loading period (Tables 3 and 4) . As already noted, after the control period, the serum potassium in ADX animals was significantly higher than that of the sham-operated animals (2.6 0.1 vs. 2.1 0.1 mEq/liter, P < 0.05). After acid gavage, the plasma potassium was also expectedly higher (3.6 0.4 vs. 2.2 0.2 mEq/liter, P < 0.05). Finally, differences in food intake and urine flow rate in the two groups of animals were not present, whereas ADX animals had higher rates of sodium excretion (Table 4) . Rates of net acid excretion were lower in ADX animals as were their cumulative potassium balances. Table 3 . Systemic acid-base and electrolyte data before and after ammonium chloride loadinga when compared with potassium-restricted ADX animals ( 0.69 mEq/day, P < 0.05). In association with the higher potassium stores, the urine pH was significantly more acid (5.53 0.12 vs. 6.02 0.11, P < 0.05 in group 2B rats vs. group 1A rats). As a result, it is possible that the sham-operated rats excreted more acid as ammoniurn due to pH-facilitated ionic trapping of ammonia in urine rather than due to the presence of the adrenal glands. Therefore, to isolate the effects of higher potassium stores and low urine p1-I from those of adrenalectomy, a comparison of adrenalectomized rats eating potassium (group 3) with adrenalectomized animals subject to potassium restriction (group 1A) is particularly pertinent. Group 3 ADX rats had significantly lower pH values (5.68 0.06) compared with group 1A ADX rats (6.02 0.11) (P < 0.05). Yet, the change in net acid excretion rates was not significantly different: 1.96 0.49 vs. 1.59 :t 0.39 mEq/day (NS). Therefore, it is reasonable to conclude that the higher potassium stores and lower urine pH (group 2B) were not responsible for the higher delta net acid excretion rates seen in group 2B. Effect of steroid replacement in response to acid loading. Table 5 shows acid-base and potassium data on 12 adrenalectomized rats replaced with adrenal cortical steroids (1 pg of dexamethasone and 2 .g of aldosterone, twice a day), 10 adrenalectomized rats, and 12 sham-operated animals. All animals received 10 mEq/kg of body wt of ammoniurn chloride twice daily for a period of 3 days. To be certain that the animals receiving steroids did not have lower body potassium stores than the nonreplaced adrenalectomized rats did, we maintained the latter on a potassium-deficient diet. The sham animals ate a normal diet. Table 5 shows that despite higher potassium stores, steroid replacement was associated with a dramatic restoration of the plasma bicarbonate concentration (21.5 0.7 vs. 9.0 1.8 mEq/liter, P < 0.05). When compared with sham-operated animals, a small but significant difference in plasma bicarbonate concentration persists, indicating that steroid replacement did not induce a complete recovery. The severe acidosis in the nonreplaced adrenalectomized animals cannot be attributed to higher potassium stores because plasma potassium concentration was not different when compared with the replaced animals, and muscle potassium stores were significantly lower (39.7 0.7 vs. 47.6 4 mEq per 100 g of fat-free dry solids, P < 0.05).
Discussion
Although steroid replacement studies have demonstrated that steroid hormones can normalize reduced rates of acid excretion in the adrenal insufficient rat [2, 3] , dog [4] , and man [5, 6, 8] , their role remains uncertain. Recently, it has been suggested from experiments on human subjects that potassium retention leads to reduced rates of ammonium excretion, and the effect of mineralocorticoids on acid excretion is via the restoration of potassium balance [6, 8] . Nevertheless, evidence that steroids have a more direct effect on acid excretion was reported recently by Hulter et al [14] . After controlling the plasma potassium concentration and the sodium balance in their dogs, they found that a defect in acid excretion persisted. In vitro studies have similarly shown that both potassium and adrenal steroids can alter the rate of ammoniagenesis, although the details of these effects have not been described [7, 121 . On the other hand, DiTella et al [13] reported that adequate sodium supplements prevented urinary acidification abnormalities in mineralocorticoid deficient rats. To rule out potassium retention, an important variable in these ob- Potassium status. In our studies, several parameters of potassium status were used to assess body potassi m stores. Muscle potassium concentration was of interest because it is representative of potassium content in this major body potassium depot. Plasma potassium was interpreted as being indicative of potassium concentration in renal plasma, and hence of the peritubular environment. Potassium excretion rates give some indication as to the potassium passing the luminal aspect of cells. Potassium balances were measured over control and acid period days but were applied with reservation because of the limitation arising from the fact that at highest rates of potassium excretion, during the postoperative recovery period, balance observations had not begun. Finally, kidneys of our animals were examined for lesions of potassium-depletion nephropathy and invariably reflected body potassium stores. Accordingly, the above parameters taken as a group served to reliably characterize the potassium status of our animals.
Supranormal potassium stores were prevented in our adrenalectomized animals by dietary potassium restriction. Their control partners were identically treated except for the addition of 0.5 mEq of potassium chloride per liter to their drinking solution. This served to provide us with less negative potassium balances in these animals over the period of observation. According to the above-mentioned indicators of potassium balance, the adrenalectomized animals were potassium-depleted and had potassium stores comparable to their controls with one exception. Their plasma potassium concentration values were significantly greater, albeit in a low-potassium range, both after the control period and after acid loading (Table 3 , Group 1, A vs. B). For this reason, the experiment was repeated, giving the control animals a normal-potassium diet, thereby preventing potassium depletion in that group. The results showed that for all but one of our parameters of potassium status, ADX animals had significantly lower potassium stores during both control and acid periods. The exception was the plasma potassium concentration after ammonium chloride loading, because it was not significantly different between groups IA and 28. But, we believe that this is more a reflection of the severe metabolic acidosis and the consequent effiux of muscle potassium rather than the cause of the acidosis itself. At the kidney cell level, the adrenalectomized animals showed lesions characteristic of potassium depletion nephropathy, whereas sham counterparts showed no such lesions.
As clearly noted in "Results," potassium depletion did indeed stimulate ammonia excretion in the adrenalectomized rat, but did not restore net acid excretion to normal. A third protocol was undertaken to determine whether potassium depletion itself could have reduced net acid excretion in our adrenalectomized animals. This was of particular interest because the effects of potassium depletion in the adrenalectomjzed rat have not been studied but its reported effects in the intact dog, rat, and man have been variable [35] [36] [37] [38] . To this end, ADX animals were treated identically to those of group IA potassium-depleted ADX animals, with the substitution of their diet with one of normal potassium content. Their potassium stores clearly differed even though the rates of net acid excretion were unchanged (Table 3 , and see "Results"). In summary, the above protocols enabled us to exclude potassium in both the low and normal range as an occult variable in our experiments.
Food and saline intake. Attention was also given to the amount of ingested food and saline in our animals immediately after adrenalectomy and subsequently. Concern for this variable arose from pilot studies, which showed potassium-depleted ADX animals ate as much as 30% less food than did their intact control partners. In view of the reports that food acid intake is reflected in rates of net acid excretion [15, 161, care was taken to avoid such differences by pair-feeding our animals. This was done by restricting the intake of food by sham animals to only that amount eaten by their adrenalectomized partners. Pairing in this fashion minimized differences in food and saline intake, and hence in body weight.
Urine pH, urine flow, and sodium excretion. Differences in urine pH, urine flow, and sodium excretion resulted from both the adrenalectomy state and potassium depletion. As a result of potassium depletion, animals developed polydypsia and consequently increased their intake of sodium and water, which in turn led to increased rates of urine flow, sodium excretion, and urine pH. All three responses to potassium depletion have been well described in intact animals.
In our experiments, we have assumed that sodium excretion reflected distal sodium delivery. Although high urine flow at a high urine pH, as well as increased rates of sodium excretion, have all been reported to enhance acid excretion 117, 18, 231, their effects in comparisons between group 1A potassium-depleted ADX animals and lB potassium-depleted sham animals were of no importance because both groups were potassium depleted, and significant differences in these variables were not found. This was true (Tables 2 and 3 ) during both control and acid-loading periods. But, when comparisons were made between groups 1A or 2A with group 2B (Table 2 and text in "Results" under "Response to acid loading"), the effect of potassium depletion becomes critical. Specifically, during the control period a lower urine pH could have facilitated a greater excretion of net acid in sham animals by titrating dibasic phosphate, whereas after acid loading the greater increase in ammonium and net acid excretion could have resulted from a low pH facilitating ionic trapping of ammonia (17, (19) (20) (21) (22) in tubular fluid. This assumes, of course, ammonia generation to be sufficiently brisk to make augmented trapping possible. For this reason, group 3, ADX animals on a normal potassium diet, served to demonstrate that low urine pH during the control period or during acid loading did not significantly increase the rates of net acid excretion in adrenalectomized animals. As a result, we conclude the observed differences were due to the presence of the adrenal gland rather than low urine pH or potassium status.
Control period. After accounting for possible variables that could contribute to reduced rates of net acid excretion in adrenalectomy, the rather lengthy control period protocol enables us to demonstrate that higher rates of net acid excretion are associated with the presence of the adrenal gland. The interpretation of our studies is less limited than that in previously reported work, where the abovementioned factors were less well controlled [1, 2, 3, 13, 39, 40] . Interestingly, neither potassium status nor steroids were responsible for maintaining rates of net acid excretion by an effect on ammonium excretion. This is in contrast to observations reported by Szylman et al (6] , where the restoration of potassium status in mineralocorticoid-insufficient man led to the restoration of acid-base balance by increasing the rate of ammonium excretion although a net acid effect was not reported. This disparity may be due to species differences or experimental design. In our results, higher rates of net acid excretion were seen in sham animals with higher or lower rates of ammonium excretion, indicating that lower ammonium excretion rates did not preclude a greater rate in net acid excretion. It appears, therefore, that the adrenal gland may have a more direct effect on sodium for hydrogen exchange whereas potassium may affect the availability of ammonia, thereby determining the allocation of protons to buffers. Nevertheless, still another mechanism for the maintenance of net acid excretion rates would be required to explain why a dramatic decrease in urinary ammonium excretion found in ADX animals on a normal potassium diet was not associated with a significant change in the excretion of net acid.
Although our results show a consistent decrease in net acid excretion in adrenalectomized rats, metabolic acidosis was not obvious; indeed, potassiumdepleted ADX rats tended to have higher plasma bicarbonate concentrations. Because there can be no doubt that food intake (as well as chloride) was well controlled, it was worth considering whether the adrenalectomy state itself can alter endogenous acid production. Lack of major differences in the urinary excretion of organic acids in the control period suggests that either our urine methods were not sensitive enough to detect significant changes or that mild but significant degrees of metabolic acidosis can be assumed to exist and would have been manifest if the control period had been carried out for a longer period of time. The possibility that adrenal steroids can alter endogenous acid production and renal net acid excretion without a change in acid-base status is supported by the recent preliminary report of Hulter, Licht, and Sebastian (41] .
Acid loading. After the control period, each group of animals was subjected to an acid-loading regimen consisting of 10 mEq of ammonium chloride per kilogram of body wt (small acid load) and 2 days of observation followed by 10 mEq of ammonium chloride per kilogram of body wt twice a day for 2 days (large acid load). The small acid load served to induce ammoniagenesis and enabled us to examine the responsiveness of our animals to a less severe challenge of acid. The results showed that all animals excreted the same amount of net acid within 24 hours predominantly by increasing the excretion of ammonium. Although we detected no difference in the increase in rates of net acid excretion, our data cannot rule out the possibility that the ADX animals excreted the gavaged acid load less briskly than did their controls within the subsequent 24-hour period. Alternatively, in response to the small acid load, the mechanism for increasing the excretion of net acid may be different and unimpaired under these conditions when compared with the control period. Nevertheless, these observations are in sharp contrast to the control period results, where increased rates of net acid excretion were not regularly associated with commensurate changes in ammonium excretion.
All animals returned to their respective control period values by day 2 of the acid period. The large acid load clearly separated the response of adrenalectomized and sham-operated rats. Under these conditions, increased rates of ammonium excretion represented the greater fraction of the increased rates of net acid excretion and also appeared to be reduced in animals deficient in net acid excretion. Control-period baseline excretion rates did not appear to be related to the level of response after acid loading. Under these conditions, it appears the adrenal gland may modulate the increased rate of net acid by an effect on ammonium excretion.
These observations more closely coincide with the numerous uncontrolled steroid replacement studies with rats, where ammonium excretion had consistently been shown to increase [2, 31. These results would still not rule out the possibility that the increase in ammonium excretion could be dependent on a mechanism [7J that still could affect potassium concentrations closer to the cellular site of ammoniagenesis. Nevertheless, our results have unequivocally demonstrated that the intact adrenal gland is essential for the normal capacity to excrete net acid and to maintain the systemic acid-base balance.
Finally, our studies bear on the apparent discrepancy between the rat studies of DiTella et al [13] and the dog studies of Hulter et al [14] . In the former, sodium supplements reversed acidification defects in the mineralocorticoid deficient rat, whereas in the latter after control of sodium and potassium stores, a residual defect attributable to steroids was demonstrated in one dog.
The rat experiments of DiTella et al [13] were different from ours in important ways. Our animals were carefully pair-fed with respect to electrolyte and food intake so that net acid excretion rates could not have been covertly influenced by such factors. Indeed, it is possible that careful pairfeeding with control animals over 13 days could have unmasked a defect in net acid excretion in group 4 of the experiments of DiTella et al (sodiumsupplemented animals) and in group 6 rats (potassium-restricted). Certainly, in our laboratory nonpaired cross-group comparisons have proven to be insensitive. The single sodium-infused potassiumrestricted dog (group 4, Fig. 6 ) of Hulter et al [14] maintained on dexamethasone shows a striking reversal of a metabolic acidosis and an increase in net acid excretion after mineralocorticoid administration. Although this seems to support the conclusion of our rat experiments that both mineralocorticoids and glucocorticoids are needed to prevent metabolic acidosis, we are compelled to acknowledge one critical difference: metabolic acidosis without acid-loading can develop in the adrenalectomized dog given sodium supplements (see above) as well as in the potassium-depleted (aldosteronesuppressed) adrenal-intact dog, whereas, to our knowledge, such effects have not been reported in the rat [42] .
With the foregoing considerations in mind, we find ourselves reluctant to compare directly the present studies with the two investigations cited above. Clearly, a species difference of importance exists in the propensity of the dog to develop metabolic acidosis as a result of adrenal insufficiency or adrenal suppression by potassium depletion. Similarly, although we accept the general findings of DiTella et al [13] that the acidification defect in adrenal insufficient rats is multifactorial and that "volume contraction is a major factor responsible for the acidosis of selective mineralocorticoid deficiency," we do not find it surprising or particularly disturbing that careful, long-term pair-feeding balance studies are able to uncover an additional defect in net acid excretion.
Effects of replacement of adrenal cortical hormones. The defect in renal net acid excretion seen during adrenalectomy was presumed to be due to the absence of adrenal cortical hormones, because, in all protocols, we documented no aldosterone activity in plasma samples. This supposition was confirmed by an additional group of experiments in which adrenalectomized animals were given replacement doses of dexamethasone and aldosterone. These animals did not develop the profound metabolic acidosis that was observed in adrenalectomized animals not given hormone replacement despite the presence of potassium depletion, which should stimulate ammoniagenesis. Thus, it appears likely that the metabolic acidosis observed in association with the impaired renal net acid excretion during adrenalectomy is attributable to the absence of adrenal cortical hormones.
In these studies, no attempt was made to establish a specific role for either mineralocorticoids or glucocorticoids to explain the reduced rates of net acid excretion. But, insofar as sodium-supplemented ADX rats have already been shown to have normal GFR [131, we can presume the observed reduction in net acid excretion is likely related to an intrarenal hormonal effect on acid excretion, rather than due to changes in renal hemodynamics. Indeed, in other experiments, we have shown recently that dexamethasone-replacement in ADX rats (maintained on saline) does not lead to restoration of net acid excretion under control conditions or after acid loading (Levine et al, unpublished observations). This would suggest that normal rates of net acid excretion are dependent on either mineralocorticoids or the combination of mineralocorticoids plus glucorticoids. Again, this conclusion is broadly consistent with the view expressed by Hulter et al [14] as noted in the preceding discussion.
Summary. We have undertaken experiments to determine whether adrenalectomy can alter renal net acid excretion in the unanaesthetized rat. By carefully controlling several factors known to alter renal net acid excretion, we have been able to show that the adrenal gland is essential for normal renal net acid excretion and the mitigation of metabolic acidosis in response to acid loading.
